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Structural comparison between GH109 and GH4 sharing NAD + -dependent mechanisms.
Both GH109 and GH4 member share an NAD + -dependent mechanism and harbour α-and β-active enzymes. Although the structural folds were different, the GH4 and GH109 could be superimposed based on the NAD + moiety. As previously pinpointed, 1 an important difference being a metal ion (Mn 2+ , occasionally Co 2+ ) coordinated by a cysteine and a histidine acting as the initial base against the hydroxyl 3 (in lieu of His259 in AmGH109A). From the analysis of the 11 available crystal structures in GH4 and previous phylogenetic studies, 2 three different structural clusters were identified depending on the residue directly following the metal-complexing Cys. 
Further discussion on the outcomes of the MD simulations.
Sugar conformations, dihedral angles MD simulations were run with a deprotonated H259 and a protonated H404, corresponding to the first step of the catalysed reactions (Schemes 1 and 2) . The α-disaccharide populates one conformational state based on the dihedral angles Φ (C2'-C1'-O1'-C3) and Ψ (C1'-O1'-C3-C4) with an average of -149.2° and 77.8°, respectively ( Figure S8b) . In contrast, the β-disaccharide occupies two conformational states a major state populated by 94 % with an average of Φ=130.3° and Ψ=132.4°, as well as a less populated set of conformations (6 %). Notably, the α-disaccharide shows the least fluctuation for the GalNAc and the glycosidic O1' over the course of the simulations, while the β-disaccharide occupies a diverted position in comparison to the crystallographic GalNAc and the α-disaccharide ( Figure S8c ).
H259 and H404 protonation state
As described above, simulations were run with a neutral H259 (HID) and a positively charged H404 (HIP + ) (Table S2) , which conforms to the initial step of the reaction mechanism (Scheme 1 and 2, step 1). The simulations were also carried out with the protonation state corresponding to the intermediate step 3 of the reaction (Scheme 1 and 2, step 3) with HIP + 259 and HID404 (Table  S3 ). These latter simulations resulted in a strongly reduced flexibility of the GGHGG loop and stably bound α-and β-disaccharides both populating two major conformations ( Figure S9 ). The αdisaccharide was shifted to a population (36 %) with an average Φ=-166.3° and Ψ=142.4°, while the β-saccharide still occupies the same conformations, but with shift from 94 to 5 % between the populations ( Figure S8b) . Thus, the most populated form of the disaccharides are well superimposed, while the α-disaccharide is much more flexible with the lowest B-factor for glycosidic O1' in step 3 and the β-disaccharide is stabilized in the binding site in comparison to step 1 ( Figure S8c) . Interestingly, the most populated conformation for each disaccharide was shifted from the GalNAc in the -1 subsite of the crystal structure for step 3, while in step 1 it populates the -1 subsite (Figure 4a,b) . In several occasions, the α-disaccharide seemed appropriately positioned for the first step of the reaction, with 2.1 Å distance to H259, as well as Y226 and H404 well-positioned with 2.5 and 2.8 Å, respectively (Figure 4a and Figure S9a,b) . Conversely, the β-disaccharide appears to be more stable positioned for the third step of the reaction, and not for the first one, with H404 visiting a closed conformation only for a minor time over the course of the simulation (Figure 4c,d and Figure S9c,d) .
AmGH109A-NagA comparison
In our simulations, the flexibility of the His-containing loop is markedly lower in NagA than the corresponding one in AmGH109A, which might be due to a different length and amino acid sequence of the part of the loop preceding the catalytic histidine (VGAGHGGMD in NagA vs. TKMGGHGGMD in AmGH109A, Figure S10c ). 
